To identify virulence genes of P. syringae pv. tomato strain DC3000 we screened for mutants with reduced virulence on its plant hosts, Arabidopsis thaliana and tomato. We isolated a Tn 5 -insertion mutant that exhibited reduced virulence on both hosts. Further characterization showed that this mutant carried a single Tn 5 insertion in the dsbA gene, which encodes a periplasmic disulphide bond-forming protein. In addition to reduced virulence, the dsbA mutant exhibits mucoid colony morphology, loss of fluorescence, decreased motility, and a reduced growth rate in culture. The dsbA mutant is able to multiply in A. thaliana and tomato plants, trigger the hypersensitive response on tobacco and elicit Pto -mediated resistance in tomato, indicating that type III secretion occurs in this background. However, type III secretion appears to function with reduced efficiency in the dsbA mutant, as type III-dependent secretion of HrpZ and AvrRpt2 is impaired. These findings indicate that while the dsbA gene is required for multiple cellular functions in P. syringae , type III secretion in P. syringae is only partially dependent on dsbA .
INTRODUCTION
Bacterial pathogens employ a diverse arsenal of virulence determinants, many of which are secreted proteins. The coordinated expression and presentation of these virulence factors are critical to the outcome of host-pathogen interactions. At least four distinct modes of protein secretion exist in Gram-negative bacteria (Hueck, 1998; Pugsley, 1993) . The type II (general secretory pathway) and type IV secretion pathways utilize the sec system and cleavable amino-terminal signal peptides to export proteins from the cytoplasm to the periplasm. Once in the periplasm, type II-secreted proteins require an additional set of membrane proteins for secretion outside the cell whereas type IV-secreted proteins appear to cross the outer membrane independently of other systems (Hueck, 1998; Pugsley, 1993) .
In contrast, type I and type III secretion pathways are secindependent and their secreted effectors appear to cross both bacterial membranes without accumulating in the periplasm (Hueck, 1998; Pugsley, 1993) .
Formation of disulphide bonds is a required step in folding and export of many proteins secreted by the sec system of Gram-negative bacteria (Missiakas and Raina, 1997; Rietsch and Beckwith, 1998) . Cysteine residues of nascent polypeptides are maintained in the sulfhydryl form in the relatively reducing environment of the bacterial cytoplasm and are often oxidized to form essential disulphide linkages upon entry to the periplasm. In Escherichia coli , DsbA is the primary periplasmic enzyme involved in the direct oxidation of cysteines of newly arrived proteins to the periplasm (Bardwell et al. , 1991) . DsbA performs this function essentially by exchanging a disulphide linkage between two cysteine residues at its active site (Cys-X-X-Cys) with a pair of cysteines on a target protein.
dsbA genes have been identified in many different Gramnegative bacteria including E. coli (Bardwell et al. , 1991) , Vibrio cholerae (Peek and Taylor, 1992) , Haemophilus influenzae (Tomb, 1992) , Erwinia chrysanthemi (Shevchik et al. , 1995) , Shigella flexneri (Watarai et al. , 1995) , Pseudomonas aeruginosa (Rahme et al. , 1997) and Yersinia pestis (Jackson and Plano, 1999) . As DsbA affects a wide range of proteins secreted through the type II pathway, the phenotypes exhibited by dsbA mutants are pleiotropic. Some characteristics associated with dsbA mutants of E. coli include impairment of flagellar assembly (Dailey and Berg, 1993) , reduction in type IV pilin stability (Zhang and Donnenberg, 1996) , and sensitivity to cadmium and zinc (Rensing et al. , 1997) . DsbA is required for type II-dependent secretion of pectate lyases and cellulase in E. chrysanthemi (Shevchik et al., 1995) , formation of toxin-coregulated pili in V. cholerae (Hu et al . 1997; Manning, 1997) , and for assembly of a functional type III secretion apparatus in S. flexneri and Y. pestis (Jackson and Plano, 1999; Watarai et al. , 1995) . Many of these proteins are important virulence factors and impairment of their expression and secretion leads to reduced virulence.
Type III secretion in Gram-negative bacteria appears to be dedicated to the export of virulence factors. Components of type III secretion systems share homology with proteins involved in MOLECULAR PLANT PATHOLOGY (2000) 1 (2), 139-150 © 2000 BLACKWELL SCIENCE LTD flagellar biosynthesis and are distinct from those of the general secretion pathway in many ways (Hueck, 1998; Pugsley, 1993) . Many proteins secreted through type III systems are secreted upon contact with potential host cells and are thought to be injected directly into the host cell cytoplasm. Moreover, unlike the general secretion pathway, proteins secreted through the type III system lack obvious peptide signal sequences.
Type III secretion in the plant pathogen Pseudomonas syringae is controlled by the hrp / hrc locus and is absolutely required both for virulence on susceptible host plants and for induction of defence responses, including the hypersensitive response (HR), which is characterized by rapid, localized cell death and tissue collapse at the site of inoculation Lindgren et al. , 1986; Lindgren et al. , 1988; Staskawicz et al. , 1995) . In most cases, virulence factors as well as the protein products of bacterial avirulence ( avr ) genes are believed to be delivered directly into the plant cell via the type III secretion apparatus . However, very few virulence factors have been identified to date and the actual mechanism of type III secretion is poorly understood in this system.
Pathogen strains expressing avr genes trigger defence responses on plant hosts carrying cognate resistance ( R ) genes resulting in restriction of pathogen growth and disease resistance (Staskawicz et al. , 1995) . Plant R genes are highly specialized and confer resistance only against strains carrying specific avr genes. hrp / hrc mutants of P. syringae are deficient in type III secretion and do not elicit the HR on resistant plant lines or nonhost plants. They are also nonpathogenic on susceptible plants, presumably due to the loss of secretion of important virulence factors .
To learn more about mechanisms of virulence, including the identification of virulence factors that might traverse the type III secretion system in P. syringae , we sought to identify genes in addition to those of the hrp / hrc locus which are required for wildtype virulence on host plants. We have initiated a screen for Tn 5 -insertion mutants of the plant pathogen P. syringae pv. tomato strain DC3000 ( Pst DC3000) to study its interaction with its plant hosts Arabidopsis thaliana and tomato. Here we report the identification and characterization of a dsbA mutant of Pst DC3000. The dsbA mutant exhibits reduced virulence on both A. thaliana and tomato and a partial impairment of type III secretion.
RESULTS
Isolation of a dsbA ::Tn 5 mutant in Pseudomonas syringae pv. tomato strain DC3000
To identify Pst DC3000 genes required for virulence, a Tn 5 -based transposon mutagenesis screen was initiated to isolate mutants with altered pathogenicity on the susceptible plant hosts A. thaliana (ecotype Col-0) and tomato (Peto 76S). Of 517 mutants screened by dip inoculation, 24 (4.6%) exhibited reduced virulence on one or both plants. 13 (2.5%) of these failed to grow on minimal media and included mutants auxotrophic for histidine, tryptophan, proline, isoleucine/valine, uracil, and pyrimidines. The dramatic loss of virulence of these auxotrophs suggests that these nutrients are not readily available to the pathogen in the plant apoplast. The remaining 11 (2.1%) prototrophic mutants exhibited a range of phenotypes and were classified based on the severity of disease symptoms they caused. Four mutants were placed in the most severely impaired class, in which little or no disease symptoms were produced on either host. Three of these mutants were unable to trigger a hypersensitive response (HR) when inoculated on tobacco, suggesting they carried Tn 5 insertions in the hrp / hrc locus and were thus impaired for type III secretion. This was confirmed by complementation of these three mutants with clones spanning the hrp / hrc locus (data not shown). The fourth mutant, AK3A1, which was subsequently shown to contain a Tn 5 insertion within the dsbA gene, was able to elicit an HR on tobacco, exhibited a mucoid colony morphology when grown on rich media, and showed a marked reduction in virulence on both A. thaliana and tomato.
A qualitative comparison of the virulence of wild-type Pst DC3000 and Pst DC3000 dsbA (AK3A1) was conducted by inoculating A. thaliana and tomato plants in bacterial suspensions containing the surfactant Silwet L-77. Infection with wild-type Pst DC3000 resulted in disease symptoms consisting of numerous individual water-soaked lesions accompanied by extensive chlorosis on A. thaliana ecotype Col-0 (Fig. 1A) . In contrast, Pst DC3000 dsbA exhibited few lesions and only slight chlorosis. A similar reduction in virulence on susceptible tomato plants (Peto 76S) was observed (Fig. 1B) . To determine whether the reduced virulence of Pst DC3000 dsbA was associated with reduced growth within plant tissue, bacterial growth was monitored in A. thaliana 0, 2 and 4 days post-inoculation. Wild-type Pst DC3000 grew to high levels in A. thaliana , reaching levels greater than 1 × 10 7 cfu/cm 2 of leaf tissue, an increase of four orders of magnitude (Fig. 1C) . In contrast, Pst DC3000 dsbA only grew to 10 5 -10 6 cfu/cm 2 by day four, an increase of only 2-3 orders of magnitude, suggesting an impairment in the ability to replicate in plant tissue as a major cause for the reduction in virulence. Growth of Pst DC3000 dsbA was also significantly impaired in tomato leaves (data not shown). Since the dsbA mutant showed a dramatic reduction in virulence while retaining the ability to elicit an HR, it was selected for further characterization.
Cloning and identification of the Pst DC3000 dsbA gene
To confirm that a single Tn 5 insertion was present in the genome of mutant strain AK3A1, DNA blot analysis was carried out on total genomic DNA using a Tn 5 fragment as a probe. Results indicated that AK3A1 contained a single transposon insertion (data not shown). To identify the gene containing the Tn 5 insertion, the Pst DC3000 sequences flanking the Tn 5 insertion site were isolated by digesting total genomic DNA from AK3A1 with restriction enzyme Pst I and ligating the resulting products into the pBluescript KS + vector using the kanamycin resistance encoded on the Tn 5 for selection in E. coli . A 6.0-kb Pst I fragment containing the Tn 5 transposon and flanking Pst DC3000 genomic sequences was cloned and further characterized ( Fig. 2A) . Sequence analysis revealed that the Tn 5 transposon interrupted an open reading frame (ORF) bearing strong similarity to the dsbA genes of P. aeruginosa (Accession no. U84726) and Azotobacter vinelandii (Accession no. L76098). However, the Pst DC3000 dsbA gene was truncated by a Pst I site near the 3 ′ end of the ORF, preventing recovery of the complete sequence ( Fig. 2A) .
To isolate a full-length clone of the dsbA gene, a Pst DC3000 genomic library was screened for complementation of the mucoid colony morphology. Two cosmids were isolated that complemented the mucoid colony phenotype and restored wildtype virulence on A. thaliana . Further sequence analysis demonstrated that both cosmids contained the entire dsbA gene (data not shown). The dsbA ORF and 247 nucleotides of upstream sequence were amplified by PCR on a 892 nucleotide fragment and cloned into the broad host range vector pUCA12 (Kranz et al. , 1997) resulting in pAK3A1 ( Fig. 2A) . This construct terminates precisely at the end of the dsbA ORF and restores full virulence to the dsbA mutant in complementation assays (Fig. 1A) . Thus, the decreased virulence and mucoid colony morphology of AK3A1 arise solely due to the loss of DsbA activity.
The nucleotide sequence of the Pst DC3000 dsbA gene encodes a predicted 214 amino acid protein of molecular mass 23 325 Da (Fig. 2B , G EN B ANK accession no. AF036929). A potential ribosome-binding site is present six nucleotides upstream of the predicted initiator methionine codon. Identification of this gene as a member of the dsbA gene family was supported by extensive sequence similarity with the DsbA proteins from P. aeruginosa, A. vinelandii , Legionella pneumophila , Salmonella enteritidis, and E. coli. The Pst DC3000 DsbA protein is 68% and 62% identical to the DsbA proteins of P. aeruginosa and A. vinelandii, respectively (Fig. 2B) . Moreover, the consensus DsbA catalytic site, Cys-Pro-His-Cys is present at codons 57-60 in the Pst DC3000 DsbA protein (Fig. 2B) . The predicted protein contains a putative hydrophobic signal sequence at the N-terminus consistent with the expected periplasmic localization of DsbA. Interestingly, an ORF that begins nine nucleotides downstream of dsbA in Pst DC3000 ( Fig. 2A ) is homologous to ORFs positioned immediately downstream of the dsbA genes of P. aeruginosa (Accession no. U84726) and A. vinelandii (Ng et al. 1997) . Although it is possible that this ORF is part of an operon with dsbA, it is not required for complementation of the dsbA::Tn5 mutant (Fig. 1A) . A search of the GENBANK databases with the downstream ORF produced no other significant matches.
Type III-dependent activities are functional in the Pst DC3000 dsbA::Tn5 mutant Type III secretion in P. syringae is governed by the hrp/hrc locus and is absolutely required for both virulence on susceptible hosts and elicitation of the plant hypersensitive response (HR) on resistant hosts Lindgren et al., 1986 Lindgren et al., , 1988 . As many components of the type III secretion apparatus are predicted to reside in either the inner or outer membranes of Pst DC3000, it is possible that some could require dsbA for proper folding, assembly, or localization. This is the case for S. flexneri which requires dsbA to assemble a functional type III secretion system (Watarai et al., 1995) . In contrast, as determined by monitoring several type III-dependent activities, the assembly and function of the type III secretion apparatus in Pst DC3000 is not entirely dependent on dsbA. First, Pst DC3000 dsbA grows to significant levels in A. thaliana tissues. This is in contrast to P. syringae type III secretion mutants, such as Pst DC3000 hrcC (hrcC encodes a putative outer membrane component of the type III secretion complex), that are completely nonpathogenic on susceptible plants ( Fig. 1C ) Charkowski et al., 1997; Huang et al., 1992) . The lack of growth in plant tissues exhibited by Pst DC3000 hrcC is typical of hrp/hrc mutants and demonstrates the absolute requirement for type III secretion in pathogenesis. Our finding that Pst DC3000 dsbA is able to grow 100-to 1000-fold in plant tissue indicates that the type III secretion apparatus is at least partially functional in Pst DC3000 dsbA.
Second, Pst DC3000 dsbA is able to elicit an HR on tobacco plants, a response that has been attributed to the hrmA gene of P. syringae , and is completely dependent on type III secretion. Pst DC3000, Pst DC3000 hrcC, and Pst DC3000 dsbA were infiltrated separately at 1 × 10 8 cfu/mL into tobacco (Xanthi NN) leaves and examined 20 h after inoculation for development of the HR (Fig. 3A) . Both Pst DC3000 and Pst DC3000 dsbA elicited typical HRs, consisting of tissue collapse and necrosis in the inoculated region of the leaf, while the type III secretion mutant Pst DC3000 hrcC failed to induce a response (Fig. 3A) . To more accurately quantify the HR-inducing activity in the dsbA mutant Pst DC3000 and Pst DC3000 dsbA were inoculated on to tobacco leaves at 2 × 10 7 and 2 × 10 6 cfu/mL. Both strains triggered HRs at both concentrations within 20 h of inoculation (data not shown). These results indicate that the dsbA mutant is able to deliver HRinducing elicitors and that type III secretion occurs in this strain.
The Pst DC3000 dsbA::Tn5 mutant elicits Pto-mediated resistance in tomato
To further characterize the effect of the dsbA mutation on type III-dependent activities, the functions of three different avr genes, The clone terminates precisely at the TAA translation stop codon. This entire clone was subcloned into the broad-host-range vector pUCA12 (Kranz et al., 1997) resulting in pAK3A1. Figure is not drawn to scale. (B) Alignment of deduced amino acid sequences encoded by dsbA genes of Pseudomonas syringae pv. tomato (Pst ; accession no. AF036929), P. aeruginosa (Pa; accession no. U84726), and Azotobacter vinelandii (Av ; accession no. L76098). Dots indicate sequence identity, dashes indicate gaps for optimal sequence alignment, and the active site amino acids, CPHC, are underlined.
avrPto (Ronald et al., 1992) , avrRpt2 (Whalen et al., 1991) , and avrRpm1 (Debener et al., 1991; Ritter and Dangl, 1995) were assayed by monitoring the ability of dsbA strains expressing these genes to elicit defence responses in resistant plants carrying the corresponding R genes. avrPto is carried on the chromosome of Pst DC3000 and triggers resistance in tomato plants containing the R gene Pto (Ronald et al., 1992; Salmeron and Staskawicz, 1993) . As the HR on tomato is difficult to evaluate, Pto-mediated resistance was monitored by assaying for the absence of disease symptoms on tomato plants carrying the Pto gene. Inoculation of wild-type Pst DC3000 on 76S tomato plants (a cultivar lacking Pto) resulted in severe disease symptoms whereas inoculation of Pst DC3000 dsbA produced mild, but obvious symptoms (Fig. 1B) . However, when inoculated on to 76R tomato plants (an isogenic resistant cultivar which carries Pto) neither Pst DC3000 nor Pst DC3000 dsbA produced disease symptoms, indicating that both strains were able to activate Pto-mediated resistance (Fig. 1B) . Thus, avrPto, and /or another Pto-dependent avr gene present in Pst DC3000 (Ronald et al., 1992 ) is able to function in the dsbA mutant background. avrRpt2 and avrRpm1 activities are dependent on dsbA P. syringae expressing the avr genes avrRpt2 and avrRpm1 triggers resistance responses on A. thaliana Col-0 plants which carry the R genes RPS2 (Kunkel et al., 1993; Yu et al., 1993) and RPM1 (Debener et al., 1991) . Wild-type Pst DC3000 and Pst DC3000 dsbA carrying either avrRpt2 [Pst DC3000 dsbA (avrRpt2 )] or avrRpm1 [Pst DC3000 dsbA (avrRpm1) ] were infiltrated into leaves of A. thaliana Col-0 at high concentration and the leaves were monitored for appearance of the HR. As expected, wildtype Pst DC3000 carrying either avrRpt2 or avrRpm1 elicited complete tissue collapse (HR) within 20 h (Fig. 3B) . In contrast, neither of the avr-containing derivatives of Pst DC3000 dsbA produced a detectable HR, indicating that avrRpt2 and avrRpm1 activities are not functional in the dsbA mutant.
Unexpectedly, the presence of avrRpt2 or avrRpm1 in Pst DC3000 dsbA also eliminated the ability of these strains to elicit an HR on tobacco, whereas wild-type Pst DC3000 strains expressing avrRpt2 or avrRpm1 produced typical HRs on tobacco (data not shown). Further, Pst DC3000 dsbA expressing avrRpt2 failed to produce disease symptoms on Col-0 plants carrying nonfunctional alleles of RPS2 (data not shown). Thus, in these experiments, the activities of avrRpt2 and avrRpm1 are dependent on dsbA, and expression of these avr genes in the dsbA mutant background causes Pst DC3000 dsbA to resemble a type III secretion mutant.
Type III-dependent secretion of HrpZ is reduced in Pst DC3000 dsbA
Since disease and HR assays are indirect measures of type IIIdependent secretion, we sought to directly monitor type III secretion from the dsbA mutant. HrpZ is a heat stable, glycinerich protein encoded within the hrp/hrc cluster of Pst DC3000 (and other P. syringae strains) that is secreted through the type cfu/mL. Pst DC3000 hrcC was inoculated in the upper left quadrant of the tobacco leaf (pipette wound is visible), Pst DC3000 dsbA in the upper right quadrant (HR is visible), Pst DC3000 in the lower left quadrant (HR is visible), a MgCl 2 control was inoculated in the lower right quadrant (pipette wound is visible). The photo was taken ≈ 20 h after infiltration. (B) The HR on A. thaliana following pipette infiltration. Pst DC3000 strains were inoculated into leaves on the right and Pst DC3000 dsbA strains were inoculated on the left. avrRpt2-carrying strains were inoculated into leaves on the top of the figure and avrRpm1-carrying strains on the bottom. Strains were inoculated at a concentration of 2 × 10 7 cfu/mL. The photo was taken ≈ 20 h after infiltration.
MOLECULAR PLANT PATHOLOGY (2000) 1 (2), 139-150 © 2000 BLACKWELL SCIENCE LTD III secretion apparatus. Type III-dependent HrpZ secretion can also be detected in vitro in the growth medium of cultures grown in hrp/hrc inducing conditions (Charkowski et al., 1997; He et al., 1993) . HrpZ secretion was monitored by immunoblot analysis using anti-HrpZ polyclonal antibodies to assay cell culture samples from Pst DC3000, Pst DC3000 dsbA, a Pst DC3000 hrpZ mutant (Charkowski et al., 1998) , and Pst DC3000 hrcC grown overnight in hrp/hrc-inducing media (Fig. 4A) . HrpZ secretion into the culture media was clearly observed from Pst DC3000 and Pst DC3000 dsbA. However, the amount of HrpZ detected in the dsbA mutant sample was significantly reduced (15-25% of the Pst DC3000 sample). The absence of HrpZ in the culture media from the hrcC mutant confirms the requirement for a functional type III system for HrpZ secretion. Further, the presence of approximately equal amounts of HrpZ in wholecell fractions from Pst DC3000, Pst DC3000 dsbA, and Pst DC3000 hrcC confirms that HrpZ is expressed in these strains and that the secretion samples were not contaminated by cytosolic proteins. These results indicate that type III-mediated secretion of HrpZ is occurring in the dsbA mutant, although at a reduced level compared to wild-type Pst DC3000. A similar reduction in type III secretion has been observed in a dsbA mutant strain of Y. pestis (Jackson and Plano, 1999) .
Expression of avrRpt2 and avrRpm1 in the dsbA mutant interferes with type III secretion
To explore the possibility that expression of avrRpt2 may be interfering with type III secretion in the dsbA mutant, we monitored secretion of HrpZ from both Pst DC3000 (avrRpt2) and Pst DC3000 dsbA (avrRpt2). Pst DC3000 (avrRpt2) secreted HrpZ into the culture medium (Fig. 4A) . However, the dsbA mutant carrying avrRpt2 failed to secrete any detectable HrpZ. The Pst DC3000 dsbA (avrRpt2) strain produced HrpZ, as several bands (ranging in size from approximately 15 -64 kDa) that cross reacted with the α-HrpZ antibody were observed in the whole cell fraction of this strain. Unexpectedly, none of the 10 predominant bands detected by the α-HrpZ antibody migrated according to the size expected for HrpZ (~45 kDa). The origin of these anomalous bands is unclear. One possibility is that in the Pst DC3000 dsbA (avrRpt2) strain HrpZ is subject to aggregation, either with itself or with other proteins in the cell, resulting in the formation of large, aberrantly migrating SDS-resistant complexes. The smaller bands may represent premature degradation products of HrpZ monomers, and /or of the HrpZ-containing complexes (Fig. 4A) . In additional experiments, in which we monitored the secretion of several extracellular proteins (EXPs) on Coomassie-stained gels (Yuan and He, 1996) we observed that type III-dependent secretion of HrpZ and several other EXPs was impaired in both Pst DC3000 dsbA (avrRpt2) and Pst DC3000 dsbA (avrRpm1) (data not shown). Since Pst DC3000 dsbA (avrRpt2) is unable to secrete HrpZ and fails to elicit an HR on resistant ecotypes of A. thaliana we sought to monitor its ability to secrete AvrRpt2. Like HrpZ, AvrRpt2 can be detected in the media of P. syringae cultures grown in hrp/hrc inducing conditions (Mudgett and Staskawicz, 1999) . An approximately 30 kDa band corresponding to AvrRpt2 was detected in the culture fluid and whole cell pellet of Pst DC3000 (avrRpt2) but was not detected in the secreted fraction isolated from Pst DC3000 dsbA (avrRpt2) cultures (Fig. 4B) . Similar to the results seen with the α-HrpZ antibodies, the Pst DC3000 dsbA (avrRpt2) whole cell fraction contained multiple aberrantly migrating bands which were recognized by the α-AvrRpt2 antibody. In these fractions we reproducibly observed 12 bands ranging in size from 15 to 100 kDa. These anomalous bands, which were not observed in the secreted fractions isolated from Pst DC3000 dsbA (avrRpt2), may also represent aberrant aggregation of AvrRpt2 and partial degradation of AvrRpt2 and /or AvrRpt2-containing complexes. Based on comparison of the sizes of the anomalous bands recognized by the α-HrpZ and α-AvrRpt2 antibodies (compare Fig. 4A,B) , HrpZ and AvrRpt2 do not appear to be present in the same SDS-resistant complexes.
Our results from these secretion assays indicate that expression of avrRpt2 or avrRpm1 in the dsbA mutant interferes with secretion of HrpZ, and presumably other type III-secreted effectors, including virulence factors.
Additional phenotypes of the Pst DC3000 dsbA::Tn5 mutant
The Pst DC3000 dsbA mutant, like dsbA mutants of other Gram-negative bacteria, is pleiotropic. In addition to defects in virulence and decreased efficiency of type III secretion, other mutant characteristics include mucoid colony morphology, loss of fluorescence, reduced motility, and a reduced growth rate in culture.
P. syringae is a member of the fluorescent group of phytopathogenic pseudomonads (Silver et al., 1990 ) that secrete watersoluble, iron-avid siderophores which fluoresce when exposed to UV light. These siderophores function as iron scavengers and are believed to antagonize competing micro-organisms by limiting the availability of free iron in the rhizosphere (Silver et al., 1990) . When grown on siderophore-inducing King's B plates (King et al., 1954) , wild-type Pst DC3000 fluoresces visibly under UV light. In contrast, Pst DC3000 dsbA is nonfluorescent, suggesting the loss of one or more secreted siderophores (data not shown).
E. coli dsbA mutants are nonmotile (Dailey and Berg, 1993) due to the inability to form a disulphide bond in FlgI, the P-ring protein which is required for proper flagellar assembly and thus motility and chemotaxis. These reports prompted us to compare the motility of wild-type Pst DC3000 and Pst DC3000 dsbA. Each strain was inoculated on to the centre of a motility plate, and the radius of outward migration measured at 24 and 48 h. After 24 h, Pst DC3000 and Pst DC3000 hrcC had an average migration radius of 17 mm, whereas the average migration radius for Pst DC3000 dsbA was only 6.5 mm. By 48 h, Pst DC3000 and Pst DC3000 hrcC exhibited average migration radii of 31.5 mm compared to 15 mm for Pst DC3000 dsbA. Thus, we conclude that a functional DsbA is required for wild-type motility in Pst DC3000.
Pst DC3000 dsbA also exhibited a reduced growth-rate compared to Pst DC3000 when grown in rich or minimal media at 28 °C (data not shown). When grown in rich liquid media Pst DC3000 dsbA exhibited a doubling time of roughly 2.5 h vs. 2 h for wild-type Pst DC3000. The difference between the growth rates of Pst DC3000 dsbA and Pst DC3000 was not significantly increased by growth in minimal media (data not shown). This is in contrast to the dsbA mutant of E. coli (Bardwell et al., 1991) which grows normally on rich media but exhibits straindependent growth defects when grown on minimal media (Bardwell et al., 1991) .
DISCUSSION
A Pst DC3000 dsbA mutant strain, AK3A1, was isolated in a screen for Tn5-insertion mutants with reduced virulence. Pst DC3000 dsbA causes mild disease symptoms on A. thaliana and tomato and exhibits several additional phenotypes including mucoid colony morphology, loss of fluorescence, reduced motility, and reduced growth-rate in culture. Although the type III secretion pathway is functioning in this strain (Pst DC3000 dsbA does not exhibit a typical hrp/hrc mutant phenotype), the finding that the dsbA mutant secretes significantly reduced amounts of HrpZ into the culture medium indicates that the type III secretion system is functioning with reduced efficiency. Similar results have been obtained for a dsbA mutant of Y. pestis (Jackson and Plano, 1999) .
Our findings suggest that DsbA is required for wild-type levels of type III secretion in Pst DC3000. What is the molecular nature of this requirement? Considering that DsbA is a cysteine bond-forming enzyme, there are two likely possibilities. Either DsbA acts directly on the type III secreted effectors themselves (e.g. Avr proteins and virulence factors) or DsbA catalyses the formation of disulphide linkages in one or more components of the type III apparatus, and is thus required for the efficient assembly and function of the type III secretion system. Of the two hypotheses, we favour the second for the following reasons. First, there is little or no evidence that type III secreted effectors are ever normally exposed to the periplasm, the expected location of DsbA. Type III secreted proteins do not contain signal peptides and are not readily detected in periplasmic MOLECULAR PLANT PATHOLOGY (2000) 1 (2), 139-150 © 2000 BLACKWELL SCIENCE LTD pools isolated from wild-type pathogens (Hueck, 1998; Pugsley, 1993) . Consistent with this hypothesis, a recent study of the suprastructure of the type III secretion apparatus of S. typhimurium reveals that it consists of a needle-like structure that appears to span both the inner and outer membrane of the bacterial cell. If this structure is used for protein secretion into the host cell, there is no obvious opportunity for type III secreted targets to interact with the periplasmic milieu (Kubori et al., 1998) . Thus, type III effectors are not likely to be readily accessible for oxidation by DsbA.
Second, the failure of the dsbA mutant to elicit an avrRpm1-mediated HR (Fig. 3B) does not appear to be due to an inability to generate a cysteine dimer in AvrRpm1. Pst DC3000 carrying a mutated avrRpm1 gene containing a cysteine-to-alanine mutation at amino acid position 3 (leaving the mutant protein with only one predicted cysteine residue) retains the ability to trigger an RPM1-mediated HR on A. thaliana (data not shown; Eric Marois, Susanne Kjemtrup, Zachary Nimchuck and Jeff Dangl, personal communication). Thus, a disulphide bond linking the two cysteines of AvrRpm1 is not required for HReliciting activity. Experiments to investigate the potential importance of a cysteine dimer in AvrRpt2 function (AvrRpt2 also contains 2 cysteines), are in progress. However, given the finding with AvrRpm1, it seems unlikely that the absence of a disulphide bond in AvrRpt2 is the primary cause for the loss of the avrRpt2-mediated elicitation of the HR by the dsbA mutant.
Finally, DsbA is required for efficient type III secretion of Yops in Y. pestis. The stability and function of the YscC protein, which is an outer membrane protein that is essential for type III secretion, appears to be dependent on the DsbA-mediated formation of one or more disulphide bonds in YscC (Jackson and Plano, 1999) . Likewise, with a large number of predicted membrane components (including HrcC, the Pst DC3000 homologue of YscC), it is easy to imagine that one or more of the polypeptides that make up the Pst DC3000 type III secretion apparatus is normally oxidized by periplasmic DsbA. In the absence of DsbA, these critical cysteine bonds might form gradually due to spontaneous auto-oxidation, giving rise to fewer active type III secretion complexes than in the wild-type situation. Thus, the dsbA mutant could still export type III effectors, although at reduced rates. This would be consistent with our finding that the Pst DC3000 dsbA mutant exhibits a decrease in HrpZ secretion and reduced virulence on susceptible plants.
However, this hypothesis does not adequately address the observation that some type III-secreted effectors, such as HrpZ and the Avr factor that triggers Pto-mediated resistance in tomato are exported from the dsbA mutant, while other effectors, such as AvrRpt2 and AvrRpm1 are not. Nor does it explain why the expression of avrRpt2 and avrRpm1 in the dsbA mutant further reduces the activity of the type III secretion system, resulting in a phenotype that resembles that of a hrp/ hrc type III secretion mutant.
One possible explanation is that in our Pst DC3000 strains the avrRpt2 and avrRpm1 genes are maintained on multicopy vectors while avrPto and hrpZ are encoded by single copy, endogenous genes in the chromosome. This may result in artificially high levels of AvrRpt2 or AvrRpm1 protein in the cell that can compete or interfere with the export of other type III effectors. This hypothesis is supported by the observation that in wildtype Pst DC3000 cells expressing avrRpt2 the level of HrpZ secretion appears to be reduced [approximately 70 -80% of that seen from Pst DC3000 without avrRpt2 (Fig. 4A) ]. Similar findings, in which the expression of several type III targets (e.g. HrpZ, HrpW and YopM) from multicopy vectors appears to interfere with secretion of other effector molecules, have been reported (Alfano et al., 1996; Charkowski et al., 1998; Skrzypek et al., 1998) , and suggest that pathogens must tightly regulate the relative expression levels of various effector proteins for efficient type III secretion.
Thus, in the dsbA mutant, where the number of functional type III secretion complexes may be limited, the expression of avr genes from a multicopy vector could completely overwhelm the available type III secretion apparati. In this situation, the Avr proteins would not only interfere with secretion of other effectors such as HrpZ and virulence factors, but with secretion of themselves as well. Another possible explanation is that one or more disulphide bonds normally present in a component of the type III secretion apparatus fails to form in the dsbA mutant. The resulting free sulfhydryl groups would thus remain available to form disulphide bonds with the cysteines present in AvrRpt2 or AvrRpm1 upon exposure to an oxidizing environment (e.g. within the translocation apparatus or at the cell surface). Thus, rather than being released into the milieu, the Avr protein would remain associated with the secretion apparatus and block any further secretion. In this second scenario, the HrpZ protein, which contains no cysteines (Preston et al., 1995) , would not be predicted to block type III secretion in a dsbA mutant. Both hypotheses are consistent with our observations.
As mentioned above, the origin of the aberrantly migrating bands detected by the α-AvrRpt2 and α-HrpZ antisera in cellfractions of Pst DC3000 dsbA (avrRpt2) cultures is unclear. The formation of large, SDS-resistant complexes appears to be unique to the Pst DC3000 dsbA mutant as similar observations have not been reported in studies describing secretion in other type III secretion-impaired mutants (Charkowski et al., 1997; Charkowski et al., 1998; Mudgett and Staskawicz, 1999) .
It is possible that the reduction in virulence exhibited by the Pst DC3000 dsbA mutant may arise through a combination of deficiencies. In addition to the inability to deliver sufficient quantities of type III-dependent virulence factors, the following phenotypes may contribute to reduced virulence: a longer doubling time, decreased motility, and loss of one or more siderophore activities. The growth rate of a pathogen within the host is clearly a critical parameter for virulence. Any mutation that causes a reduction in pathogen doubling time increases the chance that host defences will contain the infection. The growth rate of the dsbA mutant in A. thaliana tissue is dramatically slower than that of wild-type Pst DC3000 (Fig. 1C) .
Although this difference appears to be significantly greater than the disparity observed in culture media, it is difficult to assess the relative contributions of an increase in overall doubling time and an impairment in type III secretion on the growth of the dsbA mutant in plant tissue.
Pst DC3000 dsbA displays defects in motility, migrating at about half the rate of wild-type Pst DC3000. Flagellar motility is a common strategy employed by plant pathogenic bacteria and is thought to increase the 'infective potential' of the pathogen (Cuppels, 1988; Haefele and Lindow, 1987; Hattermann and Ries, 1989; Lindow et al., 1993; Panopoulos and Schroth, 1974) . However, both motile and nonmotile P. syringae pv. glycinea strains are equally pathogenic when stab inoculated into soybean leaves (Hattermann and Ries, 1989) , suggesting that motility provides an invasion advantage but is less important for multiplication once inside plant tissues. When Pst DC3000 and Pst DC3000 dsbA are directly infiltrated into susceptible A. thaliana leaves (thus bypassing the need for efficient invasion into the leaf tissue), Pst DC3000 outgrows Pst DC3000 dsbA (Fig. 1C) . These results suggest that while a reduction in motility may accentuate the reduced virulence of the dsbA mutant in plants infected by dip inoculation, this is unlikely to contribute significantly to the reduced virulence observed in plants inoculated by direct infiltration.
Pst DC3000 is a member of the fluorescent pseudomonads which produce water-soluble fluorescent yellow-green siderophores (Silver et al., 1990) . Unlike its wild-type parent, Pst DC3000 dsbA is not fluorescent, indicating the loss of one or more siderophores. Although a role for siderophores in pathogenesis has been established for some mammalian pathogens, their function in plant-pathogen interactions is not clearly defined (Cody and Gross, 1987; Neilands and Leong, 1986) . For example, nonfluorescent mutants of P. syringae pv. syringae are as virulent as the wild-type strain on cherry fruit (Cody and Gross, 1987) . In addition, the observation that several wild-type, virulent isolates of P. syringae pv. tomato are not fluorescent (K. Meade and B. Kunkel, unpublished data) , indicate that the production of fluorescent siderophores is not essential for virulence. Thus, we speculate that the loss of siderophore production is unlikely to contribute significantly to the reduced virulence of Pst DC3000 dsbA.
Although we do not fully understand the molecular basis of the dsbA mutant phenotypes, it is clear that in the absence of dsbA many type III-dependent factors are at least partially functional. An assessment of type III-dependent activities in the dsbA mutant demonstrates that at least one known effector, HrpZ, is exported, although at reduced levels. The possibility that the delivery of other type III-dependent proteins, including virulence factors, is reduced in the dsbA mutant is highly likely.
EXPERIMENTAL PROCEDURES
Growth media, strains and plasmids P. syringae pv. tomato DC3000 (Pst DC3000) (Cuppels, 1986 ), E. coli DH5α (Bethesda Research Labs), E. coli helper strain carrying pRK2013 (Figurski and Helinski, 1979) , E. coli λ-pir Tn5 donors S17-1 (Simon et al., 1983) and SM10 (Miller and Mekalanos, 1988) have been described previously. avrRpt2 and avrRpm1 were carried on pLAFR3 (Debener et al., 1991; Ritter and Dangl, 1995; Whalen et al., 1991) . Pst DC3000 hrcC::Ω was used for the studies of growth within plant tissues and was constructed by replacing the hrcC ORF with an omega fragment (Prentki and Krisch, 1984; Tara Robertson and Barbara N. Kunkel, unpublished data) . A Pst DC3000 hrcC::Tn5 mutant was used for the tobacco HR studies and was a gift from C. Boucher and B. Staskawicz. The following Tn5 constructs were gifts: mini-Tn5 Gus kan R on pGP704 (Sheng-Yang He), and miniTn5 Gus kan R and mini-Tn5 Tn5SSgusA40 on pCAM140 (David Bauer). Pst DC3000 strains were grown on King's B (King et al., 1954) , NYG (Daniels et al., 1984) , hrp/hrc derepressing media (Huynh et al., 1989) , and minimal media + glucose (Huynh et al., 1989 ) agar plates at 28 °C and E. coli strains on LB agar plates at 37 °C. Antibiotics, when required, were added at the following concentrations: rifampicin (100 µg/mL), kanamycin (50 µg/mL), ampicillin (100 µg/mL), spectinomycin (100 µg/mL), cycloheximide (50 µg/mL), and tetracycline (16 µg/mL).
Transposon mutagenesis
Recipient Pst DC3000 strains and donor E. coli strains harbouring minitransposons were grown overnight in liquid culture at 28 °C and 37 °C, respectively. 100 µL of recipient and 50 µL of donor were mixed in 1.0 mL of 10 mM MgSO 4 and then filtered through a 25-mm-diameter, 0.45 µm filter (Micron Separations Inc., Westborough, MA). The filters were placed on NYG agar plates and incubated at 28 °C overnight. The filters were removed and placed in 1.0 mL of 10 mM MgSO 4 , vortexed to resuspend the cells and 100 µL aliquots of the suspension were plated on to NYG agar plates that selected for recipient Pst DC3000 strains and against E. coli donor strains.
DNA techniques
Routine DNA manipulations were performed as described by MOLECULAR PLANT PATHOLOGY (2000) 1 (2), 139-150 © 2000 BLACKWELL SCIENCE LTD Sambrook et al. (Sambrook et al., 1989) . Plasmid mini-preps were performed using the Wizard Plus SV kit (Promega, Madison, WI). DNA sequencing was performed using the ABI Prism DNA sequencing kit (Perkin Elmer, Foster City, CA). Restriction fragments were gel purified using the Elu-Quik kit (Schleicher & Schuell, Keene, NH). Transformations of E. coli were carried out by the CaCl 2 method (Sambrook et al., 1989) . Plasmids were introduced into Pst DC3000 by triparental mating using the helper plasmid pRK2013 (Figurski and Helinski, 1979) . Pst DC3000 genomic DNA was prepared using the Wizard Genomic DNA Purification kit (Promega, Madison, WI). Restricted DNA was blotted on to Nytran nylon membrane (Midwest Scientific, Valley Park, MO). Radiolabeled DNA probes were prepared using the Prime-it II kit (Stratagene, La Jolla, CA). Imaging of hybridization patterns was performed with radiograph film (Eastman Kodak, Rochester, NY).
Plant material and inoculation procedures
A. thaliana ecotype Colombia (Col-0), tobacco cultivar Xanthi NN, and tomato cultivars Peto 76R and 76S (Ronald et al., 1992) were used in this study. The rps2-201C mutant of Col-0 has been described previously (Kunkel et al., 1993) . A. thaliana plants were grown from seed in growth chambers under 8-h of light at 22 °C and 75% relative humidity. To assay for disease, dip inoculation of A. thaliana and tomato was conducted by dipping whole plants into bacterial suspensions (2-5 × 10 8 cfu/ mL) containing 0.04% Silwet L-77 surfactant (OSi Specialities Inc., Danbury, CT) and 10 mM MgCl 2 as described previously (Kunkel et al., 1993) . Pipette infiltration to assay for the hypersensitive response was performed using bacterial suspensions (1 × 10 8 cfu/mL for tobacco and 2 × 10 7 cfu/mL for A. thaliana) in 10 mM MgCl 2 (Whalen et al., 1991) . Plants were scored 20 h postinoculation for tissue collapse. Bacterial growth within the plant was monitored as described previously (Whalen et al., 1991) .
Cloning of the dsbA gene
A portion of the dsbA gene of Pst DC3000 was initially isolated on a 6-kb Pst I restriction fragment containing the Tn5 insertion and flanking Pst DC3000 genomic sequences. The fulllength gene was subsequently recovered from a Pst DC3000 genomic library on cosmids pAK3A1-16A and pAK3A1-18A. Cosmid pAK3A1-16A was used as template for PCR to amplify the full-length dsbA gene on a 892-bp fragment. PCR was performed using the following primers: Primers Dsb5 (5′ TGA CGA ATT CGG GTG GGT GCG CCT ATA A 3′) and Dsb6 (5′ TGA CGA ATT CTT ACT TGG CGG CCT TGG C 3′). Reaction conditions were as follows: One cycle of 95 °C for 5 min followed by 30 cycles of 95 °C for 1 min, 50 °C for 1 min, and 72 °C for 1 min. The 892 bp was cloned into pBluescript KS + (Stratagene, La Jolla, CA). This construct was linearized and the entire plasmid cloned into pUCA12 (Kranz et al., 1997) , resulting in pAK3A1.
Immunoblot analysis of HrpZ and AvrRpt2 secretion
Helpful guidelines for this procedure have been described previously (Charkowski et al., 1997; He et al., 1993; Mudgett and Staskawicz, 1999) . Pst DC3000 cultures were grown in King's B media at 28 °C to an optical density at 600 nm (OD 600 ) of approximately 0.5 and then transferred to hrp/hrc derepressing media and grown at 25 °C for 12 h. Prior to centrifugation, the OD 600 for each culture was measured, and this information was used to standardize the amount of sample subjected to SDS-PAGE for each strain. For each strain 50 mL of culture were fractionated by centrifugation into whole cells and culture supernatant fractions. The cell pellets were resuspended in 1 mL ddH 2 O and frozen. The culture supernatant fractions were concentrated 100-fold to a volume of 500 µL using centriprep-10 concentrators (Amicon, Beverly, MA) and frozen. Supernatant and cell fractions prepared from approximately equal number of Pst DC3000 cells were boiled in 1× SDS-PAGE sample buffer for 5 min and fractionated on 12% polyacrylamide gels. Separated proteins were then transferred to Immobilon-P membranes (Millipore Co., Bedford, MA) and immunoblotted with α-HrpZ polyclonal antibodies (generously supplied by Sheng Yang He, Alan Collmer, and Jim Alfano) or α-AvrRpt2 polyclonal antibodies (generously supplied by Mary Beth Mudgett). Development of blots was achieved using protein A peroxidase and the Supersignal Substrate Western Blotting Kit (Pierce, Rockford, Ill). Membrane exposure time to X-ray films (Eastman Kodak, Rochester, NY) varied from 5 s to 30 min.
Motility assays
Motility assays were performed on 0.25% agar NYG plates. Individual colonies of selected strains were stab inoculated into the centre of the motility plate and incubated right-side-up at 28 °C. The radius of outward expansion from the inoculation point was measured at 24 and 48 h post-inoculation.
Nucleotide sequence accession number
The nucleotide sequence of the Pst DC3000 dsbA gene has been deposited in the GENBANK nucleotide sequence database under accession no. AF036929.
